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Objectives

• Characterize the microscopic features of composite
mixed-conducting electrodes and correlate them with
the ionic, electronic, and ambipolar transport proper-
ties as well as with the catalytic activities for pertinent
electrochemical reactions.

• Gain a profound understanding of the principles of
composite mixed-conducting electrodes, including
simultaneous transport of ionic and electronic defects
in the solid mixed conductor (influenced primarily by
the defect structure), gas transport through the pores
of the mixed conductor (influenced mainly by the
pore structure), and the reaction kinetics at the mixed
conductor/gas interface (influenced mostly by the
surface structures and catalytic properties).

• Minimize interfacial polarization resistances through
processing modifications, microstructure improve-
ments, and new materials development.

Key Milestones

• Identify mixed-conducting cathode materials catalyti-
cally active for oxygen reduction in an SOFCs
operated at 400-600°C.

• Identify mixed-conducting anode materials catalyti-
cally active for direct oxidation or internal reforming
of hydrocarbon fuels in an SOFCs operated at 400-
600°C.

• Develop a synthesis and processing procedure for
preparation of mesoporous or nanostructured mixed-
conducting electrodes with desired properties.

Approach

The most effective approach to creation of novel
electrodes/interfaces of minimal resistance is to use
porous mixed ionic-electronic conductors (MIECs)
with mesoporous surfaces. MIECs [1] allow simulta-
neous transport of both ionic and electronic defects,
and the use of an MIEC as electrode may extend the
active reaction sites from traditional triple-phase bound-
aries (TPBs) to the entire MIEC/gas interface, which
can be orders of magnitude larger than the TPBs [2].
The degree of this extension depends critically on the
rate of defect transport through the solid MIEC, gas
transport through the pores in the MIEC, and the
catalytic activity of interfaces. While macro-pores (on
the order of microns) promote rapid gas transport,
meso- or nano-pores provide extremely high surface
areas and high catalytic activity for electrode reactions.
It is thus anticipated that macro-porous MIEC elec-
trodes with meso-porous surfaces have great potential
to re-define solid-state fuel cells at low temperatures.
Successful creation of mesoporous MIEC electrodes
with flexibility in composition and pore structure, and
hence in electrical, transport, and catalytic properties,
will create exciting opportunities in advancing not only
low-temperature SOFCs but also other relevant
systems such as membranes for gas separation, reform-
ing of hydrocarbon fuels, and coal gas clean up.

Anode Materials: A suitable mixed-conducting
anode material for SOFCs must be chemically, mor-
phologically, and dimensionally stable in the fuel envi-
ronment; have adequate electronic and ionic conductiv-
ity for charge and mass transport through the solid
phase; have sufficient porosity to allow gas transport
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through the pores to or away from the reaction sites;
have sufficient catalytic activity for electrochemical
oxidation of the fuel; prohibit carbon deposition when
hydrocarbon is used as fuel; be chemically and ther-
mally compatible with other components; and be easy
to fabricate and inexpensive.

Cathode Materials: Our recent exploration of new
cathode materials indicates that SmxSr1-xCoO3 (SSC) is
very active for oxygen reduction at low temperatures
(400-600C). The resistance of an SSC-SDC interface
was less than 0.07 Ohm-cm2 at 600°C [3]. We would
like to systematically investigate the SSC family of
materials, including doping of other impurities, addition
of a second phase to form composites, and synthesis
and processing of these materials as meso-porous
coatings for surface modification. The general guidelines
outlined for microstructural design of anode is also
applicable to the microstructural design of cathodes.

Microstructures: The overall performance of a
composite electrode is greatly influenced by the micro-
structures of the electrode and the electrolyte-electrode
interfaces, including the volume fraction and distribution
of each phase (metal and ceramic), grain sizes and
connectivity of each phase, as well as porosity and
specific surface area. For example, the transport of gas
(oxygen, fuel, and reaction products) to or away from
the active sites is greatly affected, not only by the open
porosity, but also by the microstructure such as size,
shape, and distribution of pores in the electrode. Our
recent studies indicate that, in order to optimize elec-
trode performance, the electrode should have a poroσ-
ity of ≥30%, specific area of ≥50 m2/g and high cata-
lytic activity.

Results

Composite cathodes consisting of Ag and
Bi2V0.9Cu0.1O5.35 (BICUVOX.10) were prepared and
characterized in a low-temperature SOFC based on a
GDC (Gd0.1Ce0.9O1.95) electrolyte. The cells were
fabricated by a dry-pressing process and sintered at
1350oC for 5 hours [4], resulting in a dense GDC film
(about 30 µm thick) on an GDC/NiO substrate. Shown
in Figure 1 are the cathode-electrolyte interfacial
resistances as a function of cell operating temperature,
together with the total cell resistances and the electro-
lyte resistances. The interfacial resistance between the

Ag-BICUVOX cathode and the GDC electrolyte at
500oC is only about 0.53 Ωcm2, much smaller than
those of the LSCF-GDC (~10 Ωcm2) [5], SSC-SDC
(~1 Ωcm2) [3], or SSC/GDC (~1 Ωcm2) [6] cathode.
The interfacial resistance of the Ag-BICUVOX cathode
may be further reduced since the electrochemical
performance of a composite cathode can be signifi-
cantly improved by optimizing their microstructures and
composition [7, 8]. Shown in Figure 2 are the current-
voltage characteristics and the corresponding power
densities for a fuel cell using the Ag-BICUVOX cath-
ode. Each datum point was recorded about 30 min
after the cell reached a steady state. Maximum power
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Figure 1 Total cell resistances, cathode-electrolyte interfacial
resistances, and electrolyte resistances as determined from
impedance spectra.
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Figure 2   Cell voltages and power densities as a function of
current densities for a fuel cell consisting of a Ag-BICUVOX
composite cathode, a GDC electrolyte, and a Ni-GDC
composite anode.
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densities were 130, 231, and 443 mW/cm2 at 450,
500, and 550oC, respectively. The observed current
and power densities at temperatures around 500oC
represent the highest performances ever reported in the
literature for SOFCs operated at these temperatures.

Electrodes for honeycomb cells based on YSZ have
also been developed. The cathode is a composite
consisting of silver and yttria doped bismuth oxide
(YDB), which is an excellent oxygen ion conductor.
YDB was synthesized using a co-precipitation method.
Silver oxide was then mixed with YDB by ball milling
with organic binders and acetone to form slurry, which
was subsequently coated onto the inner channels of
YSZ honeycombs. The coated layers were then dried,
fired, and characterized in air using impedance spec-
troscopy. Shown in Figure 3 are several impedance
spectra of a Ag-YDB composite electrode measured in
gases containing different partial pressure of oxygen at
600oC. Shown in Figure 4 are the interfacial polariza-
tion resistances of several cathodes (as determined from
the impedance spectra) including a Ag-YDB composite
[9], a recently developed functionally graded cathode
[10], and a composite consisting of lanthanum strontium
manganite (LSM) and gadolinium doped ceria (GDC)
[11, 12]. Clearly, the polarization resistances of the Ag-
YDB composite cathode are far smaller than those of
other cathodes.

Potential dependent Fourier transform infrared
emission spectroscopy (pd-FTIRES) has been used for
the first time to study, in situ, oxygen reduction under
practical operating conditions of intermediate-tempera-
ture solid oxide fuel cells (SOFCs). Figure 5 shows a
schematic diagram of the optical configuration used for
the emission measurements. The spectroelectrochemical
cell was placed on the top of the sample cup in a
Praying MantisTM diffuse reflectance sampling accessory
equipped with a high temperature reaction chamber.
The Praying Mantis attachment was positioned at an
emission port on the Bruker Equinox 55 FTIR spec-
trometer. The top surface of the electrode (0.13 cm2)
then becomes the source of infrared light modulated by
the interferometer. While the transfer optics are not
perfectly optimized, the electrode surface is at the focal
point of the ellipsoidal optics in the diffuse reflectance
attachment and the f number for the focusing mirror in the
emission port is small, therefore light levels reaching the
detector are high enough for high quality spectra [13].
The electrochemical cells investigated in this study were
based on samaria-doped ceria (SDC) electrolyte and
samarium strontium cobalt (SSC) oxide electrodes.
Symmetric cells (SSC/SDC/SSC) were used for
simplicity, the cathode acting as the IR emitter and the
oxygen-generating anode serving as the counter elec-
trode. Surface emission difference spectra of functioning
cathodes at 550°C under a variety of feed gas conditions
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Figure 3 Impedance spectra of an YDB composite cathode
measured at 600oC in gases containing different partial
pressure of oxygen.
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Figure 4 Interfacial polarization resistances of recently
developed cathodes: Ag-YDB, a functional graded cathode,
and an LSM-GDC composite.
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and overpotentials were obtained. Shown in Figure 6
are the pd-FTIRES spectra recorded for a symmetric
cell, SSC/SDC/SSC, in air, 1% oxygen, and in N2 for
various applied potentials. The local baselines have
been corrected with cubic polynomial fits between
1435 and 830 cm-1. This was done to separate out the
electro-emission effect from the adsorbate mode
changes. As a comparison of the three stack plots
indicates, changes in partial pressure of oxygen and the
cathodic overpotential induced remarkable spectral
changes. The pd-FTIRES spectra obtained at 550oC
under cathodically polarized conditions showed a very
strong absorption band at about 1124 cm-1 and two
weak absorption bands at 1236 cm-1 and 930 cm-1

(near the high-frequency tail and low frequently tail of
the 1124 cm-1 band), respectively. The strong band at
1124 cm-1 and the weak band around 1236 cm-1 are
assigned to normal and perturbed superoxide ions
( −

2O ), respectively [14]. The weak band around 930
cm-1 is assigned to peroxide ions ( −2

2O ), again based on
analogous assignments in the literature. The interactions
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Figure 5. Schematic diagram of optical configuration for pd-FTIRES experiments.

Figure 6.  Comparison of pd-FTIRE spectra after local
baseline correction for three different feed gas conditions: (a)
air, (b) 1% O2 in N2 and (c) N2.  Cathodic overpotential
excursions range from (a) 0 to 320 mV (b) 0 to 760 mV and
(c) 0 to 690 mV. The arrows indicate the increasing direction
of cathodic overpotentials.
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between superoxide ions and the electrode surface, as
revealed by in situ pd-FTIRES, are very sensitive to
the local oxygen concentration. The interfacial structural
data were also correlated to AC impedance and
chronoamperometric measurements. In addition to the
bands associated with adsorbed superoxide ions, broad
spectral features assigned to the electrochemical
polarization were also observed. These spectral fea-
tures are believed to be due to electrochemically-
induced changes in the optical properties of the elec-
trode itself.

A state-of-the-art system for combustion CVD [15]
has been designed and constructed in our laboratory,
capable of producing nano-particles and nanostructured
electrodes or interfaces of various materials. To date,
nanostructured powders and coatings of many catalyti-
cally active materials have been successfully produced
using the CCVD system. It is found that particle size
and porosity can be readily controlled by adjusting
deposition parameters, such as flame temperature,
substrate temperature, fuel flow rate, and solution
concentration. Our initial study focused on direct
deposition of nanostructured electrodes for solid oxide
fuel cells. Both cathode and anode were deposited by
combustion CVD on a dense electrolyte. Further,
combustion CVD is ideally suited for preparation of
nano-sized powers for electrochemical and catalytic
applications.

Conclusions

Composites electrodes consisting of silver and
bismuth vanadates exhibit remarkable catalytic activity
for oxygen reduction at 500-550oC and greatly reduce
the cathode-electrolyte (doped ceria) resistances of low
temperature SOFCs, down to about 0.53 Ωcm2 at
500oC and 0.21 Ωcm2 at 550oC. The observed power
densities of 231, 332, and 443 mWcm-2 at 500, 525
and 550oC, respectively, make it possible to operate
SOFCs at temperatures of about 500oC. While the
long-term stability of the cathodes is yet to be charac-
terized, the demonstrated remarkable performances
(low interfacial resistances and high power densities) at
low temperatures are very encouraging, implying that a
new generation of low-temperature SOFCs is hopeful.
Significant reduction in operating temperature will
dramatically reduce not only the cost of materials but

also the cost of fabrication. It also implies greater system
reliability, longer operational life, and increased potential
for mobile applications. Low-temperature SOFCs have
great potential to be affordable for many applications,
including residential and automotive applications.

In situ potential-dependent FTIR-emission spec-
troscopy is capable of probing gas-solid interactions as
electrochemical reactions take place under practical
conditions for fuel cell operation, providing valuable
information on surface chemistry and electrochemical
processes of the cathodes without any modification.
Using in situ pd-FTIRES, we have found evidence for
two, possibly three distinct di-oxygen species present
on the electrode surface. Infrared is very sensitive to
several forms of adsorbed oxygen, including peroxide
ions −2

2O  (800-900 cm-1), superoxide ions −
2O  (1040-

1190 cm-1), and adsorbed 2O  (1500-1700 cm-1). We
have successfully identified which surface oxygen
species is present under a particular electrical or
chemical condition and have been able to deduce the
reaction mechanisms. This technique will be used to
probe the gas-solid interactions at or near the TPB and
on the surfaces of mixed-conducting electrodes in an
effort to understand the molecular processes relevant to
the intrinsic catalytic activity. Broad spectral features are
assigned to the electrochemical-polarization-induced
changes in the optical properties of the electrode
surface layer. This, to the authors’ best knowledge is
the first report of infrared electro-emission.

The combination of in situ potential dependent
FTIR emission spectroscopy (pd-FTIRES) and imped-
ance spectroscopy (IS) will be a very powerful tool to
investigate mechanisms of oxygen reduction, allowing
direct correlation between the phenomenological
behavior of an electrode (as determined by IS) and its
surface molecular structures (as revealed by pd-
FTIRES) under the actual fuel cell operating conditions.
This will provide us with information that has never
before been accessible, which is invaluable to rational
design of better catalysts/cathodes for oxygen reduc-
tion. Further, the theory and methodology developed
for study of cathodes are also being applied to study of
anodes in order to achieve rational design of contami-
nant-tolerant anodes for SOFCs (to avoid carbon
deposition and sulfur poisoning).
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